Over the past three years there has been a move in the West to increase the carbohydrate content of the diabetic diet, In 1979 the Food and Nutrition Committee of the American Diabetes Association published dietary recommendations [1] advocating that the carbohydrate intakes of Type I (insulin-dependent) diabetic patients be increased to 50%-60% of total calories. This was followed in 1980 by advice from the Special Report Committee of the Canadian Diabetes Association that the diets of all diabetic patients should be 45% carbohydrate or more, with no upper limit placed [2] . Most recently, in 1981, the Nutrition Sub-committee of the British Diabetic Association took a similar stand, suggesting that half or more of the energy content of the diet should be derived from carbohydrate [3] . The overall aim was to reduce fat consumption in the hope that in the longterm this would reduce the risk of cardiovascular disease. In addition, it was recommended that simple sugar intake be restricted and that where possible carbohydrate should be taken in the form of fibre-rich unprocessed foods.
However, after the American Diabetes Association report, concern was expressed that official liberalisation of a previous carbohydrate restriction might be used as a licence to consume those carbohydrate foods which would compromise good diabetic control [4, 5] . This matter has been well debated [6] [7] [8] . One outcome has been to re-emphasise the possible value of fibre in improving diabetic control at a given carbohydrate intake, and another has been to highlight the inadequacy of our knowledge of possible differences in physiological responses to different foods. If the carbohydrate and fibre intakes of diabetic patients are to be increased, which foods are to be used? Should they be new foods, or more of what the diabetic is already eating ?
The advice and the dilemma are succintly summed up in the British Diabetic Association recommendations [3] : "A general increase in the fibre content of the diabetic diet is a useful therapeutic measure [6971] . More effective normalisation of post-prandial glycaemia may be achieved by a more selective approach to dietary carbohydrate and by consideration of the glycaemic effects of foods and meals in their entirety rather than on the basis of sucrose or total carbohydrate alone. More research is urgently needed to unravel this complicated but fundamental aspect of dietary advice." It is therefore proposed to review both some of the influences which have helped to fashion current advice, and more recent ideas which may provide answers in the future.
Why the Increase in Carbohydrate?
Based on experimental and epidemiological data [9] [10] [11] [12] and contemporary dietary measures used in the management of the hyperlipidaemic patient [13, 14] , it was felt appropriate to reduce the fat intake of the diabetic. In view of the significant excess cardiovascular mortality, suffered especially by Type 2 (non-insulin dependent) diabetic patients [15, 16] , this measure was to be applied irrespective of the presence of hyperlipidaemia.
The other theme which has undoubtedly influenced contemporary thinking is the so-called 'dietary fibre hypothesis' of Trowell and Burkitt [17] . This emphasised that freedom from a wide spectrum of diseases, including colonic cancer, diabetes and cardiovascular disease, might be related to eating diets composed largely of unrefined starchy staples and containing substantial amounts of dietary fibre. As the 'dietary fibre hypothesis' evolved in the early 1970's, it carried with it the implicit assumption that increased carbohydrate intakes, necessary to obtain adequate fibre intake from unprocessed foods, were also beneficial. To a large extent, in the absence of solid laboratory data, and (many would claim) even less solid epidemiology [18] , this idea has influenced a number of official pronouncements on diet including those of the Senate Select Committee on the U.S. Dietary Goals in 1977 [19] . The population as a whole was thus advised to eat less fat and more unprocessed carbohydrate foods. Again the aim was to reduce the risk of cardiovascular disease. As further evidence has accumulated, the Heart Foundations [20, 21] Before the current interest in fibre, raising carbohydrate intakes from 40% to 60% had been reported to have no deleterous effect in diabetic subjects [22] [23] [24] . On the contrary, there were data which demonstrated that high carbohydrate diets might even produce a small improvement in glucose tolerance [25, 26] . Nevertheless if taken as liquid formula diets, they could result in higher postprandial blood glucose levels [27, 28] . In addition they tended to produce hypertriglyceridaemia. This was more marked if liquid formula rather than solid foods were taken [29, 30] . Such findings gave an early indication of the possible importance of the form in which the carbohydrate was fed in determining the physiological response.
The pioneer work of Anderson was the first to test the use of high carbohydrate diets in the context of the fibre hypothesis. He provided 70% carbohydrate diets containing 64 g dietary fibre to non-obese middle aged men previously controlled on low doses of insulin and taking 35% carbohydrate low-fibre diets (American Diabetes Association diets of the time) [31] [32] [33] [34] [35] . The fibre in these diets was derived from cereals (40%), starchy vegetables and legumes (20%), other vegetables (31%), and fruit (9%) taken as whole foods, as opposed to fibre supplements [34] . This was achieved by substantially reducing the intake of animal produce. In a series of reports Anderson and his team demonstrated their ability to withdraw insulin therapy in those on low doses of insulin (< 30 U/day) and to reduce the insulin requirements in those on higher doses while maintaining or improving diabetic control [31] [32] [33] [34] [35] . These trials were carried out under carefully controlled conditions in a metabolic ward. Since then patients have been maintained as outpatients for periods of over 3 years with a reduction in carbohydrate intake to 60% [32] .
It might be said that such work merely represented an educational experience in dietary control and that the insulin reduction seen was dependent not so much on the nature of the diet but rather on the enforced dietary discipline. Nevertheless it demonstrated that an increased carbohydrate intake, provided it was in the form of unprocessed high fibre foods, need in no way worsen the diabetes or result in the elevated triglyceride levels seen with diets high in refined carbohydrate [27] [28] [29] [30] . On the contrary, the studies showed lower triglyceride levels in those whose values were already raised [33] and a significantly lower serum cholesterol in the group as a whole [31] . This work has encouraged others to explore a similar approach.
Mann and his colleagues raised the carbohydrate intake from 40% to 60% in the form of diets high in cereal fibre (largely as wholemeal bread). This lowered glycosylated haemoglobin in Type 2 diabetes, and basal (03.00-07.00 h) and fasting blood glucose levels in both Type 1 [36] and Type 2 [37] diabetic patients, over the course of 6-week outpatient studies. Taking advantage of differences in regional taste to increase carbohydrate and fibre intake (54 g/day), workers in Naples used fibre largely from legumes (45%) and less commonly consumed vegetables (37%) (eg. egg-plant, artichokes, beansprouts and fennel), to reduce post-prandial glycaemia as well as total and low density lipoprotein cholesterol in a mixed group of diabetic patients [38] . Comparison of the high-fibre, high-carbohydrate treatment with a lowfibre, high-carbohydrate diet demonstrated a clear effect of fibre, in that fasting blood glucose and 24-h urinary glucose values were significantly lower and serum triglyceride levels were also reduced. This study did not indicate any benefit from increased carbohydrate intake, but did show an advantage when high-fibre foods were taken. Further work emphasizing the value of legumes demonstrated that most aspects of diabetic control were improved on a 60% carbohydrate diet which provided 150 g fibre/day, 64% from legumes and the remainder from cereals [39] . Seventy-three percent of this diet's 1920 calories were obtained from wholemeal bread, haricot beans, butter beans, kidney beans and dried peas and emphasized the extent of the dietary change required. Such diets also produced a small decrease in body weight. However the results were more impressive in Type 1 than in Type 2 diabetes [37] .
These studies, following in the wake of the fibre hypothesis, lent support to a possible role of fibre in the diabetic diet. They did not indicate the extent to which high fibre or the combination of high fibre and high carbohydrate in the diet was responsible. Subsequent studies have shown that simple substitution of high-for lowfibre foods is effective [40] , and there is also evidence that fibre and carbohydrate may act synergistically [41] . The least that can be said is that when the two were combined the diabetes was if anything improved, the triglyceride levels not raised and the cholesterol levels in all studies lowered. However, it is important to stress that consistent benefits from high carbohydrate diets have, to date, been reported only in studies involving high-fibre foods often with meal plans very different from those eaten in conventional Western societies. Much of the success of Anderson's diets therefore depends on the patient's ability to alter his established eating patterns and the capacity of his medical advisors to draw up a manageable diet plan. Nevertheless such work suggests a possible change in approach to the management of diabetes, although these prototype treatments would need considerable modification for general application.
Purified Fibre Supplements
A separate approach to the treatment of diabetes, stimulated by the dietary fibre hypothesis, was the use of dietary fibre supplements. At the time these appeared capable of providing a clear indication of the potential value of fibre in diabetes, and of allowing investigation of the mechanism of action. Taken as sachets or premixed into certain foods (eg. bread) they would prove acceptable as a means of increasing fibre intake without further dietary manipulation.
Early on it had been suggested that fibre might act as a barrier to diffusion of nutrients from the lumen to the gut mucosa [42] . In this way absorption from fibre-rich foods might be slower, utilising a greater length of small intestine ( Fig. 1 A) , than that from more refined foods ( Fig. 1 B) [43] . In healthy individuals, the slower absorption was expected to result in a flatter and more prolonged blood response in terms of both glucose and hormones (Fig. 2 A) while rapid absorption would result in high rises, perhaps with a subsequent undershoot in blood glucose (Fig. 2 B) [43] .
Coincident with the first publication showing that high-fibre high-carbohydrate diets improved diabetic control was a report which demonstrated that supplementation of meals by the viscous fibres guar and pectin flattened both blood glucose profiles and, in Type 2 diabetic patients, insulin responses [44] . This was followed by metabolic ward studies in which addition of 25 g guar daily to the diet reduced urinary glucose loss by 50% in a mixed group of Types J and 2 diabetic patients [45] .
In normal volunteers, it was shown that the glucose tolerance at lunch time was improved if fibre was taken with a glucose load at breakfast [46] . This second meal effect may have been due to the lower non-esterified fatty acid and ketone body levels seen after taking fibre. Such metabolic events may in turn have resulted from the slower rate of carbohydrate absorption from the gut. Similar changes were seen in the response to a standard lunch if the preceding breakfast contained slowly digested rather than rapidly digested carbohydrate foods [47] . These findings emphasize that fibre may affect both the meal with which it is taken and the subsequent meal. Further studies in normal subjects using xylose as a marker of carbohydrate absorption have confirmed that viscous fibre prolongs absorption time without evidence of carbohydrate malabsorption [48] .
The effect on post-prandial blood glucose response was much more marked with viscous than with particulate fibres such as wheat bran [48] . Although a direct relationship with viscosity has not always been confirmed, if viscous materials are rendered non-viscous then their effect on post-prandial responses is greatly reduced or abolished [48, 49] . Nevertheless in longer term studies, particulate fibre preparations, taken in high fibre breads, have been reported to benefit blood glucose control in diabetes [50] [51] [52] [53] . Other mechanisms may therefore be operating.
The importance of these studies lay in the emphasis they placed on events within the gastrointestinal tract in determining changes seen in the peripheral blood. In this way a rationale was provided for the influence of unabsorbable carbohydrate on carbohydrate metabolism. Subsequent studies have extended these observations to illustrate marked differences in gut hormone response to high-compared with low-fibre meals, including reduced GIP [53, 54] and, in certain situations, lower enteroglucagon responses [54] . The long-term effects on villous morphology, absorptive capacity, endocrine responses and whole body metabolism remain to be assessed in man [55] . In young rats addition of pectin to the diet reduced villous height and number [55] . Nevertheless, in normal volunteers dietary supplementation with 30 g pectin for 6 weeks did not result in flatter blood glucose profiles following a standard breakfest test meal [56] . Overall, however, longer term studies have indicated a beneficial effect on urinary glucose loss and insulin requirement in diabetic patients. By way of further explanation studies using the artificial pancreas have confirmed a small but significant decrease in insulin requirement (11%) during guar supplementation (20 g/day) for 24 h [57] . One of the debates which remains is the relative importance of a reduced rate of gastric emptying, observed to occur with viscous fibre [58] [59] [60] , as opposed to a reduced rate of small intestinal absorption [61] [62] [63] . This matter is important in that glucose tolerance tests in patients with autonomic neuropathy were shown to be unaffected by guar [64] . It was argued that with already delayed gastric emptying in this condition guar was ,with-out further influence [64] . However, it has also been shown that even after complete gastrectomy, guar still reduced the blood glucose rise after oral glucose by 20% [611.
A major impediment to the therapeutic use of fibre supplements is the requirement that they should be intimately mixed with the food, to simulate a situation analogous to the relationship found in unprocessed foods [65] . Inadequately mixed they have been shown to be largely ineffective [65] [66] [67] . At present the clinical use of purified fibre supplements is therefore severely limited both by this requirement and by the unpalatability of viscous materials. Only two products, an experimental guar cfispbread [68, 69] and granulate [70] have been found to be palatable and effective and neither is produced commercially. Although the potential for practical impact of the fibre hypothesis might at present seem bleak, a number of useful lessons have been learnt.
Conclusions from Experimental Work on the Fibre Hypothesis
Firstly, increased carbohydrate intake need not result in impaired blood glucose control in the diabetic patient, provided it is given in the correct form [22-26, 31-39, 41, 71]. Secondly, unabsorbable food constituents (ie. dietary fibre) may reduce post-prandial blood glucose profiles and urinary glucose loss in diabetic patients [41, 44-46, 50-53, 57, 68, 69] . Additionally a combination of high carbohydrate and high fibre in the diet may both improve diabetic control and reduce blood lipids [31- 39, 41] . Finally, modification of the rate of nutrient absorption together with the alteration in endocrine response may be a valuable objective of dietary therapy for the future.
For practical application, such lessons must be translated into actual foods for use in the diabetic diet. A guiding principle for their selection might be the rate at which individual foods release their nutrients on digestion in vitro, and their effect on blood glucose levels in vivo~ Some work has already been undertaken in these areas.
Individual Foods -The Glycaemic Response
The concept of simple carbohydrate exchange has been challenged by the demonstration that not all starchy foods produce the same glycaemic response [72] [73] [74] [75] [76] [77] . Comparing five starchy foods, including bread, rice, potato and maize, Crapo et al. demonstrated significant differences in both the character of the glycaemic response and the total amount of insulin secreted [72] . They concluded that this was related to differences not in the fibre but in the digestibility of the different starches. They reasoned that the more rapidly digested bread and potato caused higher rises in blood glucose and insulin levels. These findings were demonstrated in normal volunteers [72] and in Type 2 diabetic patients [73] . Schauberger et al. extended this approach in a study of 12 foods in normal volunteers, again noting the large differences in glycaemic response to the same amount of carbohydrate [74] .
Not only the fibre and the nature of the starch but also the form in which the food is eaten has been suggested as an important determinant of the glycaemic response. Thus higher rises were seen after purred as opposed to whole apples [75] , ground compared with whole rice [76, 77] and cooked versus uncooked starch [78] . By comprehensive testing along these lines both the foods and the food factors responsible for determining the glycaemic response can be identified.
The Bean, an Example of Slow Release Carbohydrate
The bean is an example of how, on the basis of such experimental results, new foods may be identified for introduction into the diabetic diet. Although relatively neglected in the Western diet, beans first attracted interest as a source of fibre because they are eaten as staples in those parts of the world where cardiovascular disease is less common [79] [80] [81] . In addition, the bean fibre, guar, was among the first dietary fibres to be used successfully in diabetic [45, 46] and hyperlipidaemic treatment studies [82, 83] . This prompted tests in both normal volunteers and diabetic patients where it was shown that the leguminous seeds, lentils and soya beans, produced only 20%-40% of the blood glucose rise seen after consumption of the same amount of carbohydrate taken as wholemeal bread [84] .
These results with legumes led to a comparison between a range of legumes and cereal products [85] . The blood glucose responses after testing eight legumes were only 50% as high as those after a wide range of other starchy foods, including breads, pasta, breakfast cereals, cereal products and root vegetables [85] . Such studies highlighted the possible beneficial role legumes might play in the diabetic diet. Their possible usefulness in the diabetic diet has been borne out by the Naples [38] and Oxford [39] studies, where much of the fibre came from the consumption of large amounts of cooked beans.
The Glycaemic Response, Digestibility and Anti-nutrients
One of the assumptions latent in the fibre hypothesis is that the rate of digestion and hence ofabsorptionis amajor determinant of the glycaemic response. If this is so it will be influenced by the many factors, other than fibre, which alter digestibility. The possible closeness of this relationship has only recently been demonstrated. Fourteen foods were digested with human saliva and pancreatic juice in vitro in a dialysis system and the results compared with the blood glucose response in healthy volunteers after feeding the same 14 foods individually as test meals. The carbohydrate released over 5 h of digestion in vitro was highly significantly related to the area under the 2 h glucose response curve (r = 0.8618, n = 14, p < 0.001) [86] .
In this group of foods the negative relationship of fibre to the glycaemic response barely reached significance despite the fact that the legumes, as very rich sources of fibre, showed the lowest glycaemic responses and slowest rates of digestion [86] . A wide range of food factors might be responsible for such differences in digestibility. These include: enzyme inhibitors, lectins, phytates, tannins, and starch-protein, starch-lipid interactions. It is worthy of note that beans are rich sources of these so-called anti-nutrients. Many of these factors along with fibre are consumed in relatively large amounts in the diets of more primitive cultures but have been reduced in concentration both by processing and by food preferences in the Western diet. The a-amylase inhibitor of wheat may survive baking [87] and in purified form has been shown to reduce the glycaemic response to starch-containing foods [88] . Recently an a-glycoside hydrolase inhibitor (Acarbose, Bayer) has been developed commercially expressly to reduce the rates of digestion of starch and absorption of sucrose. This is now marketed as a means of reducing the glycaemic response in the treatment of diabetes [89] [90] [91] . One can only speculate that fibre has paved the way for other anti-nutrients to gain respectability as nutritional or pharmacological agents in the treatment of disease; and more may appear with time. This in itself marks quite a reversal in thinking over the past two decades.
The Colon and Carbohydrate Absorption
If slower absorption of carbohydrate is a goal, what then of the carbohydrate which is not absorbed in the small intestine? One result is the flatulence noted with beans. Due to colonic bacterial metabolism of carbohydrate, hydrogen, methane and carbon dioxide are formed. However, in addition to the gases, short-chain acids (including lactic, propionic and butyric acids) are also produced [92] . There is evidence from human and rat studies that substantial amounts of these are absorbed from the colon to be used in metabolic processes within the body [92, 93] . In short, a degree of ruminant function is now being ascribed to the human colon. The nature of the carbohydrate and other food factors influencing small intestinal digestibility will determine the extent of colonic absorption. For example, it has been estimated that, due to the presence of gluten and the starch-protein interaction, 10%-20% of bread carbohydrate eaten is not absorbed in the small intestine [94] and will therefore be available for absorption as lactate and short-chain fatty acids by the colon.
Although the calorific value and metabolic effects of prolonged absorption of these metabolites is not known, they will not contribute to the post-prandial rise in blood glucose levels of the meal from which they are generated. At present there can only be speculation as to whether they contribute to the improved carbohydrate tolerance seen in the meal which follows one containing high fibre or slowly released carbohydrate [46, 47] . Thus dietary factors may not only influence the rate of small intestinal absorption, but may also alter the balance between small intestinal and colonic absorption.
Selection of Carbohydrate Foods
As more information becomes available on those factors which influence digestibility or directly influence the glycaemic response to foods, it will be possible to give more specific advice on how the carbohydrate content of the diabetic diet may best be increased. Until such time, use may be made of tables based on physiological testing, both to allow advice to be given and to advance the basic understanding of factors influencing the effects of foods. The table shown as an example (Table 1 ) [95] gives the glycaemic index of foods tested in normal individuals. The glycaemic index is derived from: area under the 2 h glucose response curve for a food x I00 area under the 2 h glucose response curve for the equivalent amount of glucose tions and the British Diabetic Association to increase carbohydrate intake [1] [2] [3] may be seen as a worthwhile move to encourage not so much gastronomic licence, but, some would say, more frugal living. The frugality might be lightened by inclusion of new foods and preservation of certain ethnic dishes. Indeed choice for the diabetic may ultimately be greatly enhanced as indicated by two recently published diet guides [103, 104] . The advice was not intended to be thrust on all with a sweep of the pen but it will give support to those willing to prescribe, and those willing to accept, such diets. In addition, it has provided a tremendous impetus to further activity for those working in this field. For those unable to take the diets, continued exploration along these lines may result in new pharmaceutical approaches to the management of diabetes. Table 1 illustrates many of the points already made. These include: the low glycaemic response seen with beans, the lack of effect of cereal fibre, the effect of food form, and the relatively low blood glucose response to sugars [96] in fruit, biscuits, 'All-bran' and dairy products (probably explained by the small response to sucrose, fructose and lactose as such). Such tables may form a useful basis for dietary planning, but the lack of explanation which can be given for the observed differences illustrates that we have much to learn of the food factors which determine the glycaemic response.
Conclusion
The last decade has seen much interest in the physiological response to carbohydrate foods. Interest in dietary fibre emphasised the possible influence of events within the gastrointestinal tract on carbohydrate metabolism. Links have been established between digestibility and the glycaemic response to foods. However, the influence of food factors on these processes is ill understood. Nevertheless food form, certain types of fibre, other antinutrients and the nature of the starch-protein interaction may be major determinants. Genetic differences in the responses of different individuals to the same food remain to be explored. For example, the protein, gliadin, may act as a lectin [97] in susceptible individuals to the extent of causing villous atrophy (coeliac disease) and so severely limiting absorption. Coeliac disease and Type 1 diabetes are linked both in occurrence [98] and in the frequency with which sufferers share the same tissue antigens (HLA-B8 and DW3) [99] [100] [101] [102] . Less dramatic alterations in absorptive capacity may be seen in subclinical coeliac disease or with other anti-nutrients. These, therefore, represent other ways in which food can modify the glycaemic response. Perhaps in those with impaired carbohydrate metabolism a mildly reduced absorptive capacity could be beneficial.
In view of the present state of knowledge, the decisions of the American and Canadian Diabetes Associa- 
